Background-Cardiopulmonary adverse events after transfusion include acute lung injury (TRALI) and circulatory overload (TACO), which are potentially lethal and incompletely understood.
Introduction
Transfusion related acute lung injury (TRALI) 1 and transfusion associated circulatory overload (TACO) 2 are infrequent complications that are amongst the most commonly reported fatal events after blood transfusions. 3, 4 The mechanism of TRALI has long been thought to be anti-white cell antibody (usually the donor's) reacting with antigen positive cells, leading to a capillary leak syndrome. However, recent research suggests that other mechanisms, involving white blood cell (e.g., platelet activating factor) 5 and platelet derived (e.g., CD40L) mediators are important. 6 TACO has been presumed to be due to the inability of the recipient's cardiovascular system to accommodate the volume infused.
Universal leukoreduction has been associated, in one report, with a decreased incidence of adult respiratory distress syndrome in a cohort of critically ill patients. 7 The odds ratio for mortality in acute lung injury patients was 1.06 in recipients of leukoreduced red cells as compared with 1.14 in recipients of non-leukoreduced red cells in one recent cohort study. 8 In trauma patients in a randomized trial, no reduction in lung injury was associated with use of leukoreduced transfusions. 9 We initially hypothesized that leukoreduction might influence the overall incidence of TRALI, but not TACO. Pre-storage leukoreduction of blood components reduces the quantity of white cell and platelet derived mediators transfused. 10 We reasoned that universal leukoreduction, and subsequent removal of platelets (from transfused red cells), white blood cells (from both red cells and platelets) and their mediators, might decrease the risk of TRALI. We further hypothesized, based upon prior work of Silliman and colleagues, that saline washed red cells and platelets would be associated with a lower incidence of TRALI. 5 Recent findings support a role for white cell derived bioactive mediators such as IL-6 and TNF-α in heart failure, 11 with which TACO shares some similarities. After initial review of the data, we further hypothesized that the incidence of TACO would also be influenced by leukoreduction of blood transfusions. We tested these hypotheses using retrospective analysis of transfusion reaction data.
Methods

Patients
This was designed as a before and after retrospective observational assessment of reported transfusion reactions, employing aggregate transfusion service data. The data consisted of reports of transfusion reactions jointly investigated by reporting clinical staff and transfusion service physicians at the time of the adverse event. The setting is a 750 bed university teaching hospital that functions as a community hospital, as well as a tertiary care institution. All reactions that were reported and considered definitely or possibly transfusion related by the transfusion service physician were included. Because these data are summary transfusion service data, a limitation of our analysis is that detailed clinical or laboratory data are not available on the patients involved.
Procedures
Annual reports of transfusion reactions evaluated by transfusion service physicians were divided by the total components transfused (RBC, platelets, FFP, cryoprecipitate) during seven years before (1993) (1994) (1995) (1996) (1997) (1998) (1999) and after (2001) (2002) (2003) (2004) (2005) (2006) (2007) ) the implementation of universal leukoreduction to derive an incidence rate before and after implementation of universal leukoreduction in 2000. Virtually all transfusions were derived from whole blood donations for all these components, including platelets. Leukoreduction for red cells was pre-storage by filtration of either red cell concentrates or whole blood prior to receipt at our transfusion service. Leukoreduction of platelets was performed during pooling immediately prior to release for transfusion. All units of FFP were FFP, not 24 hour or thawed plasma, and FFP units were not leukoreduced prior to storage. An unknown number of FFP units were manufactured from leukoreduced whole blood during the post-universal leukoreduction period. No effort was made by our suppliers to remove female donor sources from the FFP pool during the period reviewed. A number of local practices that might influence transfusion reaction rates are (1) for the entire period of 1993-2007 patients undergoing chemotherapy or stem cell transplant for hematologic malignancies received only leukoreduced, ABO identical transfusions and (2) these patients frequently by protocol received only washed, leukoreduced ABO identical platelets and red cells. 12 The same two senior attending physicians were involved in clinical practice throughout the 14 years of the study, and we used consistent criteria for assessment of transfusion reactions. No changes in criteria or diagnostic evaluation methods for TRALI, TACO, febrile or allergic reactions occurred during this period. In general, non-cardiogenic pulmonary edema, or worsening acute lung injury occurring during or shortly after transfusion, with compatible chest radiologic findings (bilateral infiltrates with no hemodynamic evidence of heart failure) was considered TRALI, particularly in the absence of other likely causes. No laboratory investigations of white cell antibodies in donor or recipient were considered in the diagnosis. In general, all pulmonary reported reactions not clearly explained by alternative diagnoses were classified as TRALI, without descriptors such as possible, unlikely, etc. New or worsening cardiogenic pulmonary edema, particularly accompanied by typical chest radiologic and physical findings and responding to diuretics, were classified as TACO if no other more likely cause was present. Febrile reactions consisted of new or worsening fever, and/or rigors, and/or chills in the absence of other obvious causes during or shortly after transfusion. Blood or other bacterial/fungal cultures were performed at the discretion of the attending clinical staff, but the results were not employed in the classification of reactions. Allergic reactions were acute, de novo reports of rash, urticaria, airway obstruction, etc. during or shortly after transfusion with no other more likely etiology.
Because the diagnostic database was created prior to the generation of the hypotheses of this study, it is unlikely that observer bias could play a role in the findings. No reactions or patients were excluded, and all transfusion reactions and transfused blood components during this 14 year period were included in the dataset. During this period, some indeterminate number of leukoreduced transfusions (<20% of total) were given during the period prior to universal leukoreduction being implemented, thus any differences observed likely would understate the effects of leukoreduction.
None of the plasma components were leukoreduced during the pre-universal leukoreduction period, but after introduction of universal leukoreduction, an unknown number of units of FFP and cryoprecipitate were manufactured after leukoreduction of donated whole blood. Thus, an inherent control for the study is that universal leukoreduction would be expected to have a more modest to no effect on TRALI or TACO due to FFP and cryoprecipitate. In addition, there is no basis in current knowledge for assuming that allergic reactions would be altered by universal leukoreduction, serving as an additional control on confounding and bias.
Statistical analysis
Statistical evaluation employed Chi square for 2 × 2 tables, without Yates correction, confirmed using Fisher's exact test for n<10. P values are presented, as always in retrospective studies, as probabilistic assessments of the strength of associations, not as indications of causal inference. P values of <0.05 are considered significant. Odds ratios and 95% confidence intervals are presented in the tables, along with percent change in incidence of the reactions. 95% confidence intervals that did not overlap 1.0 are considered statistically significant.
Role of the funding source
There was no extramural funding source. Two authors (NB, RPP) received partial salary support from NIH grants during the period this work was conducted. Data retrieval and analysis were conducted as part of a clinical quality assurance project by the authors, who all are members of the transfusion service medical and technical staff. Because these data were collected as part of institutional quality assurance within a department, no human subjects approval was required.
Results
The annual incidence of TRALI and TACO incidence are displayed in Figures 1 and 2 respectively, demonstrating the decreased incidence associated with the introduction of universal leukoreduction of transfusions in mid-2000. In the 7 years after the implementation of universal leukoreduction, the incidence of TRALI and TACO reports decreased by 83% and 49% respectively (p= 0.002 for these cardiopulmonary complications combined) ( Table 1 ). The total number of cases of TRALI/TACO associated with cellular transfusions of red cells decreased substantially (from 3 TRALI and 19 TACO cases before universal leukoreduction to 1 and 9 after), despite a significant increase in the number of transfusions. (Tables 2-4 ). The same was true of cases associated with platelet transfusion (3 TRALI and 5 TACO before universal leukoreduction decreasing to 0 and 1 after). In contrast, the number of cases of TRALI/TACO associated with FFP and cryoprecipitate remained unchanged at a total of 7 cases during the seven year periods before universal leukoreduction (4 TRALI and 2 TACO cases due to FFP; 0 and 1 due to cryoprecipitate) and after universal leukoreduction (1 TRALI and 6 TACO due to FFP; 0 cases of TRALI and 0 of TACO due to cryoprecipitate). After the introduction of universal leukoreduction, the magnitude of the decrease in incidence of TRALI/TACO associated with cellular components was more than two-fold of that due to plasma components.
The overall incidence of allergic reactions remained unchanged after introduction of universal leukoreduction. Fever/rigor reactions decreased 34% after universal leukoreduction implementation (p<0.0001), similar to previous reports. 4 Finally, there were no reported cases of TRALI or TACO associated with transfusions of washed, leukoreduced RBC (n=28,120) and platelets (n=69,325) during these 14 years. This is significantly fewer cases than the number of TRALI and TACO cases associated with leukoreduced transfusions of RBC and platelets during 2001-2007 (11 of 309,161; p=0.049).
Discussion
Within the limitations of aggregate transfusion service data and the clinical skills of the reporting and evaluating physicians, we describe two unexpected and unexplained associations between the rates of adverse reactions to transfusions and the introduction of universal leukoreduction. These observations do not prove causality but rather provide novel, exciting and potentially important hypotheses for further testing in animal models, national hemovigilance data, and more exacting clinical research.
We observed a significant overall decrease in the absolute number of cases and incidence per component transfused of TRALI associated with introduction of universal leukoreduction in our hospital (Table 1/ Figure 1) . However, the total number of cases analyzed is quite small, and the results are, perhaps due to insufficient numbers, not statistically significant when individual blood component types are analyzed (Table 2) . These non-significant trends toward declining reports of TRALI were observed for both plasma and cellular transfusions. This raises the hypothesis that leukoreduction of whole blood donations influences cases of TRALI mediated by white cells, platelets and their mediators in FFP, as well as in RBC and platelets. White cell and platelet derived mediators have been proposed and are increasingly accepted as potential contributing factors to TRALI. [4] [5] [6] Animal model and in vitro experimental data suggest that mediators such as bioactive lipids and soluble CD40L (CD154) that accumulate in stored red cells and platelets may interact with neutrophils and endothelial cells to mediate the capillary leak syndrome of TRALI. These mediators accumulate at significantly lower levels in some studies of leukoreduced red cells.
Most surprisingly and interestingly, the absolute number of cases and the incidence of TACO reported also decreased significantly after introduction of universal leukoreduction. (Table 1 / Figure 1) This observation was limited, in terms of statistical significance for specific transfusion components, to transfusions of red cells, although a similar trend was seen for platelets. The number of cases and incidence of TACO due to FFP actually increased during this period, although this trend was not statistically significant. These results suggest a number of hypotheses to be tested in future animal and clinical investigations. Given the possibility that heart failure may be exacerbated by inflammatory mediators, 11 we speculate that TACO is sometimes not solely due to volume overload, but exacerbated by white cell and platelet mediators that are largely absent from leukoreduced RBC and platelet transfusions.
It is particularly surprising that reports of TRALI and TACO associated with platelet transfusions decreased post-implementation of universal leukoreduction, given that leukoreduction of platelets was performed at release rather than pre-storage. If this association is reproducible and causal, removal of platelet/white cell derived microparticles (or other mediators of capillary leak such as vascular endothelial growth factor-VEGF) through adherence to the leukoreduction filter is a mechanism worth further investigation.
Because of the small number of cases and the retrospective nature of this study, defining the reported associations as causal would be premature. These associations suggest that development of animal models, and investigations in larger numbers of patients employing more detailed and exacting clinical data would be important next steps. The new US Hemovigilance system being implemented by CDC and AABB should eventually be able to contribute larger numbers of reactions and more detailed clinical information to support or refute the hypothesis that leukoreduced transfusions are less likely to cause TRALI and TACO. The present findings supporting an association between leukoreduction and reduced TRALI/TACO are strengthened by the observation that, as has been previously reported by others, 13 the allergic reaction rate incidence in our center was not at all affected by universal leukoreduction. Our data are limited primarily by reliance on clinical judgment in practice, rather than scientifically rigorous definitions, and the absence of blinded assessments of the reactions reported. By the nature of this study we cannot provide laboratory measurements of potential transfused mediators that might have contributed to the clinical events reported.
Additional limitations of these data are their retrospective nature, and the possibility of undetected changes in transfusion reaction reporting by clinical staff. Changes in reporting seem unlikely to explain these findings given that the dramatic drop in TRALI/TACO incidence associated with RBC and platelet transfusions occurred during a period when allergic reaction incidence was unchanged and TACO incidence associated with FFP actually increased. Furthermore, throughout the entire 14 year period, voluntary reporting mechanisms were unchanged, and the same two attending physicians evaluated reported reactions. No changes in criteria for TRALI or TACO occurred as far as we can determine. No educational activities were undertaken to reduce transfusions in critically ill patients, and no decreases in red cell or platelet utilization occurred during the period reported.
Underreporting is unlikely as our incidence of TRALI and TACO is very similar to that reported in UK nationwide public health data, 14 and our overall reaction rates are in the range of 0.5-1.0% reported by others. 13 These associations were unexpected. The hypothesis underlying this retrospective study was not generated until long after the reported events were clinically evaluated by the authors of this report, minimizing the possibility of observer bias. Nonetheless, undetected observer bias and confounding are always issues in public health or aggregate clinical data reporting, and no posthoc analysis can completely rule out the presence of bias or confounding. Prospective or blinded evaluation of data from other centers will be needed to confirm or refute the findings reported here, and will determine whether our findings can be generalized. Animal model studies will be needed to assess whether a credible mechanistic explanation exists for the reported associations.
In summary, we believe it plausible that leukoreduction favorably influences the incidence and/or severity of cardiopulmonary adverse effects after blood transfusion, particularly for cellular components such as red cells and platelets. Given the zero incidence of TRALI and TACO associated with tens of thousands of washed red cells and platelets, supernatant mediators in red cells and platelets may play a role in both TRALI and TACO. While selection of only male donors may reduce the incidence of TRALI due to FFP [14] [15] [16] , our data suggest leukoreduction is a potential strategy that might further reduce the incidence of TRALI and TACO. In addition, clinical trials of saline washing as a strategy for reducing the incidence of TRALI and TACO due to platelet and red cell transfusions are warranted based upon our preliminary findings.
These data represent the first report that leukoreduction is associated with a decrease in the incidence of TACO, an important and occasionally life threatening complication of transfusion, and provide additional evidence that leukoreduction is associated with a decrease in the incidence of TRALI. Finally, the data suggest the hypothesis that saline washing may mitigate the occurrence of TRALI and TACO due to cellular transfusions. Further investigation will be necessary to determine if these associations are indeed causal, and whether leukoreduction and/or washing has a clinically significant beneficial effect in reducing the incidence of TRALI and TACO. The annual incidence of TACO before (1993-99) and after (2001-07) the introduction of universal leukoreduction (ULR) in the year 2000 is shown. The incidence rate was 5 or fewer cases per 100,000 components transfused in six of the seven years post-introduction of ULR, compared with only two of the seven years pre-introduction of ULR. Table 1 Transfusion reaction incidence pre-and post-implementation of universal leukoreduction (ULR) 
